Attempts at generating novel chemistries by genetically manipulating polyketide synthases (PKSs) usually result in no detectable or poor product yield. Understanding processes that drive the evolution of PKSs might provide a solution to this problem. The synonymous-to-non-synonymous nucleotide substitution ratios across alignments of well-characterized PKS modules were examined using a sliding windows approach. Not surprisingly, the overall substitution ratios showed that PKS modules are generally under strong purifying selection, confirming experimental observations that changes to the primary amino acid sequence, regardless of whether these changes are conservative or not, will most likely result in some loss in function. Despite the masking effect of negative selection, by judicious choice of window size, it was possible to recognize amino acid residues that appear to be under strong positive selection. The importance of these amino acids has not been recognized by other analysis methods before and we suggest that they may function to 'fine tune' modular PKSs. Future efforts will concentrate on understanding if this 'fine tuning' is at the level of protein expression, for example, transcription or translation, or at the level of protein function, for example, efficient selection and channeling of acyl intermediates between domains.
INTRODUCTION
Polyketide secondary metabolites have diverse roles in the chemical ecology of the organisms that produce them, as well as being of economic importance as natural products to the pharmaceutical and agrochemical industries. 1, 2 The biosynthesis of many polyketides is catalyzed through successive condensation of acyl-thioester units on modular polyketide synthases (PKSs), the best studied being obtained from Streptomyces and related actinomycete bacteria. These large enzymes consist of multi-domain polypeptides that pass the growing polyketide chain from the active site of one catalytic domain to the next, generating chemical diversity depending on the substrate specificity of each domain. Assembly lines of domains can be grouped into modules, with the core of each module consisting of a keto-synthase domain (KS), an acyltransferase domain (AT) and an acyl-carrier protein (ACP) domain. The KS-AT-ACP domains extend the growing polyketide chain by two carbon atoms, generating an ACP-bound b-ketoacyl intermediate. This b-keto group can be further reduced by optional accessory ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) domains. The co-linear arrangement of modules is also mirrored in the gene clusters that encode them, offering exciting possibilities for combinatorial biosynthesis. 3 However, experiments to manipulate modular biosynthetic clusters to create novel chemistries often result in no detectable product or product yield is extremely low. 4, 5 Many mechanisms have been evoked to explain the evolution of modular PKSs, including gene duplication, deletion, recombination and horizontal gene transfer. [6] [7] [8] [9] [10] However, although these processes offer mechanisms that introduce genetic variation into a gene cluster, they do not take into account natural selection acting on individual nucleotide loci that ultimately influence the phenotype whereby PKSs evolve. The appearance and maintenance of protein function can be explained in terms of positive (adaptive) and negative (purifying) natural selection with many residues, understandably, being under strong negative selection. 11 A common way to measure natural selection in orthologous protein-coding nucleotide sequences between species (that is, inter-specific polymorphism) is by estimating the nonsynonymous (causing amino acid replacement, Ka) to synonymous (silent, Ks) nucleotide substitution rate (o¼Ka/Ks). As a general rule, values of o41, oB1 and oo1 are taken as indicating positive, neutral and negative selection, respectively. [12] [13] [14] This can be taken as an average over all codons in a gene, but often, different regions of a gene that encodes a multi-domain protein will be influenced by different selective pressures depending, for example, on the structural or catalytic functions of each domain. This is especially prominent between homologous sequences within a population of the same species (intra-specific polymorphism). In such cases, calculating Ka/Ks as an average over the entire length of the gene will not provide a detailed picture of the selective constraints acting at different positions in the sequence and evolutionary hotspots will be missed. An equivalent measure to o is to estimate the nucleotide diversity (p) at each position in a multiple alignment of intra-specific sequences. 15, 16 The ratio between non-synonymous (pa) to synonymous nucleotide polymorphisms (ps) can then be calculated (pa/ps) and plotted in a sliding window against nucleotide position. 17, 18 In this paper, we examine natural selection that acts on successful examples of PKSs with the aim of identifying critical amino acid residues to gain a better overview of the evolutionary constraints that govern functionality, which might, in the future, be exploited for more efficient synthesis of new compounds from hybrid PKSs.
MATERIALS AND METHODS
Using MEGA 4 software (http://www.megasoftware.net/), 19 the DNA sequences from 17 well-annotated modular PKSs (Table 1) extracted from ClustScan 20, 21 were translated into proteins and aligned so that modules of approximately equal length and containing the same domain organization could be grouped together. These groups of modules were then back-translated to the corresponding DNA sequences so that polymorphism ratios (pa/ps) could be calculated and graphically displayed using a sliding window analysis in DNASP version 5.10.01, taking a window size of 50 and step size of 10 (http:// www.ub.edu/dnasp/). 22 The average pa/ps ratio and the s.d. were calculated from non-overlapping windows of length 12.
RESULTS
The modules were extracted from the 17 PKSs selected for this study (Table 1) and grouped into types depending on their structure. Starter modules (loading domains) were not included in the analysis, because their diversity resulted in groups that were too small for reliable statistical analysis. There were only three non-reducing extension modules (KS-AT-ACP), which were also not analyzed further. The remaining extension modules were grouped into four types depending on the domains present (although not all domains are necessarily active):
(i) KS-AT-KR-ACP: this was the largest group with 73 members.
(ii) KS-AT-DH-KR-ACP: 62 modules with a full-length DH domain. (iii) KS-AT-dhX-KR-ACP: this group had part of the DH domain, which could be recognized by HMMER searches, but usually not with BLAST searches. 20, 21 There were 23 modules of this type. (iv) KS-AT-DH-ER-KR-ACP: 22 members.
Protein sequence alignments were carried out for the members of each class and used to generate DNA alignments with codons correctly aligned. The ratio of the nucleotide diversity index for non-synonymous to synonymous changes (pa/ps) was calculated and averaged in 50-nt sliding windows along each group of modules. Figure 1 shows the pa/ps ratio along Group I modules. The lowest values of the ratio occur in the KS domain and the ratio remains low over much of this domain, suggesting that there is strong purifying selection that is, many of the residues in KS cannot be changed without losing function. The highest value of the ratio also occurs in the KS domain. This value is approximately 1, which initially suggested that this might be a region that is nearly neutral with respect to selection. A more detailed examination using a 12-nt sliding window showed that there is a double peak. The first peak corresponded to four residues (V153-F156), which were located using the 3-D crystal structure of the erythromycin KS3-AT3 didomain (accession number 2QO3). These residues are at the interaction interface for dimerization of the PKS subunits. The second peak (residues G159-Y171) corresponded to a surface loop poorly defined in the 3-D structure, with different modules having differing numbers of residues in this region that is indels. The double peak in the pa/ps ratio was also present in the KS domains of the other three module groups (Figures 2-4) . In general, the pa/ps ratios were higher in other domains, as were the ratios for the linkers between these domains compared with the linker between the KS and AT. The AT domains show a similar pattern in the pa/ps ratio to the KS in all four module groups, with peaks in the sliding window corresponding to regions under positive or neutral selection, interdispersed with regions under purifying selection. The residues responsible for substrate specificity appear, on first inspection, to be under positive selection. In particular, there is an F/S choice corresponding to incorporation of C2/C3 units. [23] [24] [25] [26] [27] [28] However, the ratios in windows containing this residue are low (Figures 1-4) . A closer examination of the region using a smaller window size reveals that the higher ratio associated with the F/S choice is hidden by averaging with the low ratios associated with neighboring highly conserved residues. There is a peak close to the end of the AT domain and as with the KS, this peak corresponds to codons under positive selection specifying previously innocuous amino acids. The ACP and Evolution of PKS genes J Zucko et al reductive domains also show similar patterns in all four module classes (Figures 1-4) , which are yet to be analyzed in greater detail.
DISCUSSION
The pa/ps ratios are low (much less than 1) for most of the regions of the modules (Figures 1-4) . This is expected, as PKS sequences are highly conserved and likely to be subjected to strong purifying selection. Also, experiments manipulating PKS clusters show that most changes result in large drops in product yield, suggesting that residues cannot be easily changed without loss in PKS function. The KS domain shows the highest degree of sequence conservation and, not surprisingly, has low ratios for most of its length. However, there is a prominent double peak present in KS domains in all four groups of modules. This peak has a ratio of approximately 1, which initially suggests that it might correspond to a relatively unimportant region of the protein that is nearly neutral with respect to selection. Location of the residues in a 3-D crystal structure (accession number 2QO3) shows that one component of the peak (residues G159-Y171) corresponds to a surface loop that may well be nearly neutral for selection. However, the other component (residues V153-F156) lies on the interaction interface for dimerization of the PKS subunits. It seems unlikely that this sequence is selectively neutral. The residues differ markedly between modules of a single cluster and it is conceivable that they have a part in ensuring homodimerisation rather than heterodimerization.
Not all selected residues are revealed by this approach. Thus, a residue involved in substrate specificity of AT domains showed a low ratio. Although the amino acid choice F/S is important for the selection of C2/C3 extension, respectively, the residue is embedded in a highly conserved region so that the low ratios for neighboring amino acids masks the signal from the selected residue. Such problems can be partially solved by optimizing window sizes to achieve maximum sensitivity, 29 but is unlikely to detect the specificity-determining residues in AT domains, as they are scattered through the protein primary sequence and occur in regions of sequence conservation. 20, 21 The high degree of amino acid conservation in PKS modules implies that there is a strong purifying selection so that most nucleotides will show low ratios of pa/ps ({1) and detection of positively selected residues is difficult. However, the example in KS of the four residues in the dimer interface region shows that careful analysis of peaks can identify interesting sequences. Likewise, peaks corresponding to codons specifying previously unsuspecting amino acids also under positive selection can be identified in all other domains used in this study and must now be examined in greater detail. The low productivity of many manipulated constructs suggests that a subsequent 'fine-tuning' of the structure of the module is necessary. It is likely that natural selection drives a similar process during evolution of clusters, and the analysis methods used in this paper may reveal critical residues necessary for this 'fine-tuning' in hybrid PKSs to achieve useful product yields.
